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A high-performance multiple-channel erbium-doped fiber laser (EDFL) is proposed and experimentally
demonstrated, using graphene-polymer nanocomposite as a multiwavelength equalizer and an asym-
metric two-stage polarization-maintaining fiber (PMF) Sagnac loop as a flexible comb filter. At first,
the filtering characteristics of the PMF Sagnac loop filter (SLF) are investigated. Both theoretical
and experimental results show that it can provide a flexibly switchable and tunable comblike filtering.
Then, the two-stage PMF SLF is inserted into a graphene-assisted EDFL cavity for generating multi-
wavelength oscillation. The extreme-high third-order optical nonlinearity of graphene is exploited to sup-
press the mode competition of the EDFL, and a stable multiple-channel lasing is observed. By carefully
adjusting the polarization controllers in the two-stage PMF SLF, not only can the lasing-line number per
channel be switchable between single and multiple wavelengths, but also the wavelength spacing in the
triple-wavelength condition can be tunable. In the case of triple wavelengths per channel, up to 12
wavelengths with four channels stable oscillations can be achieved. Themultiple-channel EDFL can keep
a high extinction ratio of>40dB and a narrow linewidth of<0:01nm. © 2011Optical Society of America
OCIS codes: 060.2410, 060.3510, 190.4380.
1. Introduction
Multiwavelengh fiber lasers (MFLs) have received
great attention in recent years due to their versatile
applications to optical instrument testing, optical
fiber sensing, spectroscopy,microwave photonics, and
optical communication networks [1–12]. Erbium-
doped fibers (EDFs) as gainmedia are commonly used
to obtain MFLs, benefiting from their unique advan-
tages formultiwavelength generation, such as a large
and broadband gain in the communication window, a
high saturation power, and a relatively low noise.
However, due to the homogeneous line broadening
of EDFs, it is difficult to achieve stable multi-
wavelength oscillations at room temperature. Many
techniques have been used to alleviate themode com-
petition of EDF-based MFLs, such as immersing the
EDF in liquid nitrogen [13,14], adding a frequency-
shifted feedback or phase modulator into the cavity
[15,16], using a specially designed EDF [17], incorpo-
rating a semiconductor optical amplifier [18,19], uti-
lizing polarization hole burning in overlapping fiber
cavities or nonlinear polarization rotation [20,21],
introducing four-wave mixing (FWM) in nonlinear
fibers [22–24], or the hybrid gain mechanisms
[25–28]. Among these techniques, the use of FWM for
suppressing thehomogeneous linebroadening ofEDF
is considered an excellent method owing to the sim-
plicity and flexibility in the laser design. Recently,
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it has been reported that graphene can provide an
extreme-high third-order optical nonlinearity and
generate a strong FWM at a low power level with
weak dependence on wavelength [29]. So far, some
techniques have been developed to integrate gra-
phene into a fiber cavity as saturable absorbers for
mode-locking and Q-switch output lasing [30–36].
However, based on the strong FWM effect, it is possi-
ble to use graphene to suppress homogenous line
broadening and eliminate the mode competition for
generating a stable multiwavelength operation in
EDFLs at room temperature.
However, apart from the ordinaryMFLs, somenew-
ly designed multiple-channel fiber lasers have been
advocated actively to satisfy the demand for being
more multifunctional, more flexibly designable, and
more performance controllable in optical fiber sys-
tems. For example, it is well known that a dual-
wavelength fiber laser can be used for photonic
filtering or generation of high-frequency microwave.
Interestingly, Ning, et al. have demonstrated a multi-
ple dual-wavelength fiber laser incorporating a
polarization-maintaining Fabry–Perot filter [37], and
used it to realize multiple-channel microwave photo-
nic filters by combining the wavelength-division-
multiplexing technique and the frequency beating
technique, which is equivalent to a series of dual-
wavelength fiber lasers for microwave generation or
filtering [38]. Recently, Chen, et al. further reported
a spacing-tunable multiple dual-wavelength fiber la-
ser by utilizing a multiple phase shifts phase-only
sampled fiber Bragg grating [39]. However, for both
of these cases, fabrication of the abnormal comb filters
is complex and at high costs, which has some con-
straints in the flexibility of laser output.
In this paper, using an asymmetric two-stage PMF
SLF as a special comb filter and exploiting the ultra-
strong third-order optical nonlinearity of graphene
for suppressing themode competition ofEDFL,wede-
monstrate a multiple triple-wavelength EDFL with
flexibly switchable and tunable properties. Two-stage
fiber Sagnac loop has been studied as a comb filter
before [18,40–46]. However, in addition to the
traditional filtering characteristics, we have further
found the filter has a great potential for realizing
multiple single-, dual-, and triple-wavelength comb-
like filtering and then an experiment is carried out for
confirmation. Based on chemical methods, a gra-
phene-polymer nanocomposite FWM device is also
fabricated for mitigating the mode competition in an
EDF. Four channels stable oscillations are achieved,
with single-, dual-, and triple-wavelength output per
lasing channel, respectively. For multiple triple-
wavelengths lasing, the spacing between two adja-
cent wavelengths could be tuned swimmingly. The
laser outputs have a good spectral flatness, high
power extinction ratios (ERs), and extremely narrow
linewidths.
2. Asymmetric Two-Stage PMF Sagnac Loop Filter
Figure 1. shows the structure of asymmetric
two-stage PMF SLF. PMF1 and PMF2 are two
polarization-maintaining fibers with different
lengths and different refractive index differences.
PC1 and PC2 are two polarization controllers. They
are alternately connected to compose the asymmetri-
cal two-stage PMF Sagnac loop filter, while every
stage includes one PMF and one polarization con-
troller (PC). A 50∶50 optical coupler (OC1) is used
to integrate the PMF SLF into the outer ring cavity.










Here, E1 is the initial electric field at port one, and
E02 is the transmitted electric field of the filter at port
two. MCW denotes the transmission matrix of the
operational light beam traveling clockwise around
the loop from port three to port four, while MCCW
denotes the transmission matrix of the operational
light beam traveling counterclockwise from port four
to port three. These two matrixes can be written as

MCW ¼ MPMF2 ·MPC2 ·MPMF1 ·MPC1
MCCW ¼ MPC1 ·MPMF1 ·MPC2 ·MPMF2 : ð2Þ
MPC1 and MPC2 denote the matrixes of the PC1
and PC2, respectively. They are formulated as
follows [47]:




Aþ iB Cþ iD
C − iD −Aþ iB

; ð3Þ
where θ1, θ2, θ3 are the angular orientations of the
three wave plates, and
8><
>:
A ¼ cosð2θ2Þ − cosð2θ3 − 2θ2 þ 2θ1Þ
B ¼ cosð2θ3 − 2θ2Þ þ cosð2θ2 − 2θ1Þ
C ¼ sinð2θ2Þ − sinð2θ3 − 2θ2 þ 2θ1Þ
D ¼ sinð2θ3 − 2θ2Þ þ sinð2θ2 − 2θ1Þ
: ð4Þ
In this filter, the states of the PCs are repre-
sented by two series of angular orientations,
Fig. 1. (Color online) Asymmetry two-stage PMF Sagnac loop
filter.
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i.e., ðθ11; θ12; θ13Þ for PC1 and ðθ21; θ22; θ23Þ for PC2,
respectively.







where Δφ is the phase shift of PMF and can be
expressed as
Δφ ¼ 2πLΔnλ : ð6Þ
Here, L is the length of the PMF, Δn is the refrac-
tive index difference between the fast axis and the
slow axis of the PMF, and λ is the wavelength of the
propagating beam. In this filter, the states of
the PMFs are represented by two series of different
parameters—Δφ1, Δn1, L1 for PMF1 and Δφ2, Δn2,
L2 for PMF2, respectively.
Using the parameters ðθ11; θ12; θ13; θ21; θ22; θ23Þ of
the PCs’ states and the phase shift of the PMF





−K1 · eiΔφ1 K2eiΔφ2 þ K3eiðΔφ1þΔφ2Þ þ K4eiΔφ1 þ K5




where the K1 ∼K9 are expressed as
8>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>:
K1 ¼ 2 · i · ½ðsinð2θ12Þ þ sinð2θ12 − 2θ13 − 2θ11ÞÞ · ðsinð2θ22 − 2θ23Þ − sinð2ϑ22 − 2θ21ÞÞ
þðsinð2θ22Þ þ sinð2θ22 − 2θ23 − 2θ21ÞÞ · ðsinð2θ12 − 2θ11Þ − sinð2ϑ12 − 2θ13ÞÞ
K2 ¼ ½cosð2θ12Þ − cosð2θ12 − 2θ13 − 2θ11Þ þ i · ðcosð2ϑ12 − 2θ13Þ þ cosð2θ12 − 2θ11ÞÞ
·½ðsinð2θ22Þ þ sinð2θ22 − 2θ23 − 2θ21Þ þ i · ðsinð2ϑ22 − 2θ21Þ − sinð2θ22 − 2θ23ÞÞ
K3 ¼ ½sinð2θ12Þ þ sinð2θ12 − 2θ13 − 2θ11Þ þ i · ðsinð2θ12 − 2θ11Þ − sinð2ϑ12 − 2θ13ÞÞ
·½cosð2θ22 − 2θ23 − 2θ21Þ − cosð2θ22Þ þ i · ðcosð2θ12 − 2θ11Þ þ cosð2θ22 − 2θ23ÞÞ
K4 ¼ ½sinð2θ23 þ 2θ21 − 2θ22Þ − sinð2θ22Þ þ i · ðsinð2θ22 − 2θ23Þ − sinð2ϑ22 − 2θ21ÞÞ
·½cosð2θ12 − 2θ13 − 2θ11Þ − cosð2θ12Þ þ i · ðcosð2θ12 − 2θ11Þ þ cosð2ϑ12 − 2θ13ÞÞ
K5 ¼ ½sinð2θ13 þ 2θ11 − 2θ12Þ − sinð2θ12Þ þ i · ðsinð2ϑ12 − 2θ13Þ − sinð2θ12 − 2θ11ÞÞ
·½cosð2θ22Þ − cosð2θ22 − 2θ23 − 2θ21Þ þ i · ðcosð2θ22 − 2θ23Þ þ cosð2ϑ22 − 2θ21ÞÞ
K6 ¼ ½sinð2θ12Þ þ sinð2θ12 − 2θ13 − 2θ11Þ þ i · ðsinð2ϑ12 − 2θ13Þ − sinð2θ12 − 2θ11ÞÞ
·½cosð2θ22Þ − cosð2θ22 − 2θ23 − 2θ21Þ þ i · ðcosð2θ22 − 2θ23Þ þ cosð2ϑ22 − 2θ21ÞÞ
K7 ¼ ½cosð2θ12 − 2θ13 − 2θ11Þ − cosð2θ12Þ þ i · ðcosð2ϑ12 − 2θ13Þ þ cosð2θ12 − 2θ11ÞÞ
·½ðsinð2θ22Þ þ sinð2θ22 − 2θ23 − 2θ21Þ þ i · ðsinð2ϑ22 − 2θ23Þ − sinð2θ22 − 2θ21ÞÞ
K8 ¼ ½cosð2θ12 − 2θ13 − 2θ11Þ − cosð2θ12Þ − i · ðcosð2ϑ12 − 2θ13Þ þ cosð2θ12 − 2θ11ÞÞ
·½ðsinð2θ22Þ þ sinð2θ22 − 2θ23 − 2θ21Þ þ i · ðsinð2ϑ22 − 2θ23Þ − sinð2θ22 − 2θ21ÞÞ
K9 ¼ ½sinð2θ13 þ 2θ11 − 2θ12Þ − sinð2θ12Þ þ i · ðsinð2θ12 − 2θ11Þ − sinð2ϑ12 − 2θ13ÞÞ
·½cosð2θ22 − 2θ23 − 2θ21Þ − cosð2θ22Þ þ i · ðcosð2θ22 − 2θ23Þ þ cosð2ϑ22 − 2θ21ÞÞ
: ð8Þ
From Eqs. (7) and (8), the transmission T can be
thought to consist of many simple combinatorial
parameters, which are the products of the phase
modulations (eiΔφ1, eiΔφ2, or eiðΔφ1þΔφ2Þ) and the am-
plitude modulations (Ki, i ¼ 1 ∼ 9). From Eq. (6) we
know that the wavelength λ is relevant to the eiΔφ1
and eiΔφ2, but irrelevant to K1 ∼K9. Therefore, the
phase modulations realize the implementation of
comblike filtering and the free spectrum range
(FSR) could be changed by adjusting the L and
Δn. Ki, (i ¼ 1 ∼ 9) represent the modulation inten-
sity of transmission amplitude. The filtering spectra
could be changed by simultaneously adjusting these
parameters. So, when the PMF parameters (L and
Δn) are fixed, the change of PC parameters (θij,
i; j ¼ 1; 2; 3) will cause the transmission-amplitude
remodulation, but the FSRs of the filtering channel
are always unchanged. This characteristic is then
confirmed to be applicable for filtering condition
switching in the following paragraphs.
Using the above equations, we numerically simu-
lated the transmission spectrum of an asymmetry
two-stage PMF SLF, for which the parameters
of two PMFs are Δn1 ¼ 1 × 10−4, L1 ¼ 10m, Δn2 ¼
4 × 10−4, L2 ¼ 5m. By changing the states of the
PCs (θ11, θ12, θ13 for PC1 and θ21, θ22, θ23 for PC2),
we obtained a series of transmission spectra, which
are formed by multiple channels. The cir-
culating transformation process of multiple one-
wavelength channels → multiple dual-wavelength
channels → multiple triple-wavelength channels →
multiple dual-wavelength channels → multiple one-
wavelength channels has been shown in Fig. 2,
where each illustration has recorded one typical
condition of filter with its PCs’ states noted inside.
Figure 2(a) gives the one wavelength condition where
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each channel contains only one wavelength peak un-
der the states of PCs: (θ11 ¼ 0:82π, θ12 ¼ 0:01π,
θ13 ¼ 0:7π) and (θ21 ¼ 0:15π, θ22 ¼ 0:05π, θ23 ¼
0:6π). In Fig. 2(b), when the states of PCs are
(θ11 ¼ 0:2π, θ12 ¼ 0:001π, θ13 ¼ 0:335π) and (θ21 ¼
0:705π, θ22 ¼ 0:005π, θ23 ¼ 0:655π), in each channel,
the previous middle wavelength peak shifts to the
left and another new wavelength peak sticks out
on its right. In Fig. 2(c), when the states of PCs
are (θ11 ¼ 0:3π, θ12 ¼ 0:001π, θ13 ¼ 0:335π) and
(θ21 ¼ 0:655π, θ22 ¼ 0:005π, θ23 ¼ 0:655π), the right
wavelength peak becomes sharper and sharper. Then
in Fig. 2(d), when the states of PCs are changed to
(θ11 ¼ 3:85π, θ12 ¼ 0:003π, θ13 ¼ 0:15π) and (θ21 ¼
4:35π, θ22 ¼ 5:05π, θ23 ¼ 0:001π), there are two wave-
length peaks coexisting in each filter channel. That
is, the multiple two wavelength filter channels are
obtained. Subsequently, by changing the PC states
to (θ11 ¼ 3:835π, θ12 ¼ 0:003π, θ13 ¼ 0:15π) and (θ21 ¼
4:35π, θ22 ¼ 5:05π, θ23 ¼ 0:001π) continuously, the
new-born wavelength peak at right in each channel
comes to split into two wavelength peaks, as shown
in Fig. 2(e). Subsequently, these two newly split
wavelength peaks will gradually separate from each
other with their intervals become wider accordingly.
As a result, the multiple triple-wavelength channels
condition would be formed. Here, we useΔλ to denote
the interval between the adjacent two wavelength
peaks. For the multiple triple-wavelength condition,
Δλ1 represent the interval between the left wave-
length peak and the middle one, while Δλ2 represent
the interval between the middle wavelength peak
and the right one. Therefore, the two wavelength con-
dition in Fig. 2(d) can be considered as a special case
of triple-wavelength channels condition, with Δλ1 ¼
0 and Δλ2 ≠ 0. In addition, we further found that the
middle wavelength peak in each triple-wavelength
filter channel can shift from one sideband to the
other with the PC states changed slightly. Therefore,
the Δλ1 and Δλ2 can be adjusted to ebb and flow
while their sum is nearly constant. That is, the
spacing-tuning of three wavelength peaks could be
successfully achieved. Figures 2(f)–2(h) show the
spacing-tuning of these triple-wavelength filter
channels (for clearly describing, a typical channel
containing three wavelength peaks is marked by a
dashed circle in each inset figure). In detail,
Fig. 2(f) shows the condition of Δλ1 > Δλ2 with the
PC states of (θ11 ¼ 3:82π, θ12 ¼ 0:01π, θ13 ¼
0:08π) and (θ21 ¼ 2:4π, θ22 ¼ 5:05π, θ23 ¼ 0:001π);
Fig. 2(g) shows the condition of Δλ1 ¼ Δλ2 when
the PC states are adjusted at (θ11 ¼ 0:2π,
θ12 ¼ 0:015π, θ13 ¼ 0:67π) and (θ21 ¼ 0:44π, θ22 ¼
0:05π, θ23 ¼ 0:6π); Fig. 2(h) shows the condition of
Δλ1 < Δλ2 with the PC states of (θ11 ¼ 0:415π,
θ12 ¼ 0:02π, θ13 ¼ 0:36π) and (θ21 ¼ 0:64π, θ22 ¼
0:05π, θ23 ¼ 0:654π). Afterward, continuously adjust-
ing the PCs, as shown in Fig. 2(i), the Δλ1 will get
wider and wider while the Δλ2 gets narrower and
narrower with the PC states of (θ11 ¼ 0:42π,
θ12 ¼ 0:0001π, θ13 ¼ 0:0001π) and (θ21 ¼ 0:642π,
Fig. 2. (Color online) Numerical simulated transmission spectra
of the filter with PC states changed. (a) Multiple single-
wavelength channels; (b) a new wavelength peak sticks out on
the right; (c) the right wavelength peak become sharper; (d) multi-
ple two wavelength channels with Δλ1 ≠ 0, Δλ2 ¼ 0; (e) the right
wavelength peak splits into two wavelength peaks; (f) multiple
triple-wavelength channels with Δλ1 > Δλ2; (g) multiple triple-
wavelength channels with Δλ1 ¼ Δλ2; (h) multiple triple-
wavelength channels with Δλ1 < Δλ2; (i) the left two wavelength
peaks get closer and tend to be integrated into one peak; (j) multi-
ple two wavelength channels with Δλ1 ¼ 0, Δλ2 ≠ 0; (k) the left
wavelength peak declines gradually; (l) the left wavelength peak
disappears finally.
20 June 2011 / Vol. 50, No. 18 / APPLIED OPTICS 2943
θ22 ¼ 0:045π, θ23 ¼ 0:76π). Then in Fig. 2(j), when the
PC states are (θ11 ¼ 0:42π, θ12 ¼ 0:0001π, θ13 ¼
0:0001π) and (θ21 ¼ 0:635π, θ22 ¼ 0:045π, θ23 ¼
0:76π), the multiple triple-wavelength filter channels
have transformed back into the two wavelength
channels condition, with Δλ1 ≠ 0 and Δλ2 ¼ 0. As
shown in Figs. 2(k) and 2(l), the new-born wave-
length peak at left of the two-wavelength filtering
channel declines gradually and is finally trans-
formed back to the inchoative multiple one-
wavelength channels condition. Besides, since the
PMFs parameters (Δn and L) are fixed, whenever
the filter is switched into the one, two or triple-
wavelength condition, its channel periods with wave-
length (λ) are always kept invariable (equal to 2:3nm
in the numerical simulation).
Then, an experiment is been done to confirm
the simulated results. The parameters of the two
PMFs are Δn1 ¼ 1:12 × 10−4, L1 ¼ 10:6m, Δn2 ¼
4:08 × 10−4, L2 ¼ 5m. A broadband amplified sponta-
neous emission optical source is connected to port
one to provide an incident beam. An optical spectrum
analyzer (OSA) with spectral resolution of 0:01nm is
connected to port two to detect the transmission of
the filter. By adjusting the PCs’ states, as shown
in Fig. 3, we have observed a series of experimental
transmission spectra, which are in good agreement
with the numerical results in Fig. 2.
The above results show that by adjusting the
states of the PCs, we can readily switch the transmis-
sion spectrum of the PMF SLF among multiple sin-
gle-, dual- or triple-wavelength filtering. In addition,
for multiple triple-wavelength filtering, the spacing
between adjacent two wavelength peaks can be
tuned swiftly. Benefiting from the above-mentioned
characteristics, the designed asymmetric two-stage
PMF Sagnac loop filter could have a great potential
as a special comblike multiwavelength-selective ele-
ment in flexible multiple triple-wavelength fiber
lasers.
3. Preparation of Graphene Device
Recently, it was reported that graphene has the ex-
tremely strong third-order optical nonlinearity
(jχð3Þj ∼ 10−7 esu) [29]. Since the FWM efficiency (η)
in fiber is proportional to the pump power (P),
third-order nonlinear coefficient (γ) and fiber length
(L), one could only need an ultrathin graphene tens of
micrometers thick to induce a sufficient FWM effi-
ciency for mitigating the mode competition in EDF.
Besides, owing to the structure of a two-dimensional
carbon atomic layer arranged in a hexagonal lattice,
graphene has a higher damage threshold [30]. There-
fore, a graphene membrane will keep stable, tem-
perature insensitive, and compatible with fibers
even though it is extremely thin. As a result, it is very
suitable for stable multiwavelength oscillation in
EDFL to use graphene as a fiber-type multiwave-
length stabilizer. The graphene-polymer nanocompo-
site FWM device used in the following experiments is
prepared by the procedures shown in Fig. 4.
First, based on a modified Hummers method [48],
oxidized graphene was obtained by ultrasonically
exfoliating from natural graphite powder. Then,
we chemically reduced the oxidized graphene to the
graphene nanosheets, whose average thickness
characterized by atomic force microscopy is around
0:8nm. Referred to the single-layer graphene
Fig. 3. (Color online) Experimental transmission spectra of
the filter with PC states changed. (a)–(j) demonstrate the trans-
formation process of multiple single-wavelength → multiple
dual-wavelength → multiple triple-wavelengths → multiple dual-
wavelength → multiple single-wavelength, as one-to-one corre-
spondence to Figs. 2(a)–2(j).
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thickness of ∼0:34nm, the as-prepared graphene
nanosheets must be a few-layer structure.
Subsequently, the graphene nanosheets are
grafted with poly-(N-isopropylacrylamide) (PNI-
PAAm) and poly-(acrylic acid) (PAA) by in situ free
radical polymerization. Determined by thermogravi-
metry analysis, the contents of PNIPAAm and PAA
are about 47% and 19%, respectively. The PNIPAAm
and pH-sensitive PAA are used to improve the solu-
bility and the film-forming ability of graphene. Espe-
cially, without PAA, the film would be very rigid
and brittle and cause much trouble in the following
processing.
Then, we disperse the graphene-polymer nano-
composite solution in flat-bottom glassware and
make sure that the whole bottom is evenly covered
by a thin layer of solution. Next we put them into
an oven at the temperature of 60 °C. After about
50 min, this thin layer of solution is completely
evaporated to dryness and an integrated graphene-
polymer film of ∼25 μm is obtained. Thereafter, a
slice with dimensions of 1:5mm × 1:5mm is clipped
out from the integrated film and placed between
two of the ferules of an optical fiber connector (PC/
FC) to construct a graphene-polymer nanocomposite
device, whose total insertion loss is about 3dB.
4. Experiment of Multiwavelength Fiber Laser
Figure 5 shows the scheme of the switchable and
spacing-tunable multiple-channel EDF ring laser.
As shown in the right dashed block of Fig. 5, the
asymmetric two-stage PMF Sagnac loop filter is com-
posed of one 50∶50 OC1, two PCs (PC1 and PC2) and
two Panda PMFs (PMF1 and PMF2) with the param-
eters of Δn1 ¼ 1:12 × 10−4, L1 ¼ 10:6m, Δn2 ¼
4:08 × 10−4, and L2 ¼ 5m. The filter is connected to
the ring cavity by a circulator, which not only uses
the PMF Sagnac loop to act as a reflection-type comb-
like multiwavelength-selective element to modulate
the beam, but also ensures the unidirectional oscilla-
tion. A 974nm-pump diode laser with 200mW max-
imum output is connected into the ring cavity by a
980=1550nm wavelength-division multiplexer. The
gain medium is a 3m EDF with peak absorption of
5–7dB=m at 1530nm. PC3 is used in the cavity to
optimize the laser operation. The laser power is
coupled out using a 90∶10 coupler, which extracts
10% of the power as the output and 90% as the feed-
back inside the ring cavity. The output is monitored
by an OSA and an optical power meter (OPM).
In order to verify the significance of the few-layer
graphene to the multiwavelength erbium-doped fiber
laser, a reference experiment without graphene in
the cavity was taken. At an incident pump power
of 60mW, a series of typical output spectra during
40 min were recorded in Fig. 6 using an OSA with
spectral resolution of 0:01nm. The results showed
that few lasing wavelengths around 1557nm are ex-
cited with extreme instability. The output spectra
have very bad flatness while the wavelength peak
powers and numbers vary randomly with time,
Fig. 5. (Color online) Scheme of the switchable and spacing-
tunable multiple-channel EDF ring laser.
Fig. 6. (Color online) The typical laser output spectra without the
few-layer graphene in the ring cavity over 10 min.
Fig. 4. (Color online) Preparation procedures of graphene-
polymer nanocomposite FWM device.
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which result from the strong mode competition in the
EDF ring laser.
Then, the as-prepared graphene-polymer nano-
composite FWM device is inserted into the ring cav-
ity to alleviate the mode competition of the EDFL.
With the incident pump power of 100mW and the
spectral resolution of 0:01nm, we have recorded five
typical patterns of multiwavelengths lasing spectra,
as shown in the left column of Fig. 7. Correspond-
ingly, for each pattern, the measured linewidths [full
width at half-maximum (FWHM)] and ERs of the las-
ing wavelengths are given in the right column of
Fig. 7. By carefully adjusting PC1 and PC2, as shown
in Fig. 7(a) (recorded as pattern I), we obtained a
multiple single-wavelength lasing (i.e., one wave-
length peak per channel), where four-wavelength si-
multaneous oscillations are generated with a wave-
length spacing (Δλ) of 1:09nm. Obviously, as given in
Fig. 7(b), the typical ER of single-wavelength oscilla-
tion is 52dB. Then, with another different PCs’ polar-
ization states, as shown in Fig. 7(c) (recorded as
pattern II), the output spectrum is switched to multi-
ple dual-wavelengths lasing (i.e., two wavelength
peaks per channel), where eight-wavelength simulta-
neous oscillations are obtained, with Δλ1 ¼ 0,
Δλ2 ¼ 0:48nm. As given in Fig. 7(d), the typical ERs
of dual-wavelength oscillations are more than 49dB.
Subsequently, by changing the states of PC1 and PC2,
the output is switched to multiple triple-wavelengths
lasing (i.e., every channel contains three wave-
length peaks) where 12-wavelength simultaneous
oscillations with different wavelength spacings are
observed. Figures 7(e)–7(j) show three typical pat-
terns of all. In details, from Figs. 7(e) and 7(f)
(recorded as pattern III) we know that the middle
wavelength peak is closer to the left wavelength peak
than to the right one in each spectral channel, with
Δλ1 ¼ 0:26nm, Δλ2 ¼ 0:36nm, ER1 ¼ 41:1dB,
ER2 ¼ 41:2dB, and ER3 ¼ 46dB. Figures 7(g) and
7(h) (recorded as pattern IV) show the normative
multiple triple-wavelengths lasing with the middle
wavelength peak in the midpoint of the spectral
channel, where the equivalent spacing Δλ1 ¼
Δλ2 ¼ 0:34nm, and the ERs of the three wavelength
peaks are all more than 49dB. However, in Figs. 7(i)
and 7(j) (recorded as pattern V), the middle wave-
length peak of the spectral channel is closer to the
right wavelength peak than to the left one, with
Δλ1 ¼ 0:36nm, Δλ2 ¼ 0:24nm, ER1 ¼ 50dB, ER2 ¼
45:1dB, and ER3 ¼ 45:4dB. For multiple triple-
wavelength channels condition, Δλ1 is used to in-
dicate the wavelength spacing between the left
wavelength peak and the middle one in each spectral
channel; Δλ2 is used to indicate the wavelength spa-
cing between the middle wavelength peak and the
right one; ER1, ER2, and ER3 are the ERs of the left,
middle, and right wavelength peaks of the referred
spectral channel, respectively. From Fig. 7(b), we
can easily obtain that the linewidth of multiple
Fig. 7. (Color online) Five different patterns of multiwavelength
lasing spectra with their wavelength spacing, typical linewidths
(FWHM) and ERs: (a) and (b) for pattern I; (c) and (d) for pattern
II; (e) and (f) for pattern III; (g) and (h) for pattern IV; (i) and (j) for
pattern V.
Fig. 8. (Color online) Ten lasing wavelength peak power fluctua-
tion over 40 min for five different patterns of lasing output (every
pattern is indicated by two typical wavelength peaks).
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single-wavelength lasing is 0:016nm. However, for
multiple dual- or triple-wavelengths lasing, limited
by the measurement resolution (0:01nm) of the used
OSA, the true measured values of their linewidth
could not be known exactly but are sure to be nar-
rower than 0:01nm. Besides, the all-fiber ring laser
always has a good flatness of output spectrum no
matter if it is tuned or switched to multiple single-
, dual-, or triple-wavelengths lasing. The output from
the EDFL is also measured by an OPM, which can be
seen from the measured peak power fluctuation of 10
lasing wavelength peaks (each pattern in Fig. 7 is in-
dicated by two typical wavelength peaks, with
1529:81nm, 1530:90nm for pattern I, 1530:22nm,
1530:70nm for pattern II, 1529:56nm, 1529:82nm
for pattern III, 1530:29nm, 1530:63nm for pattern
IV, and 1530:38nm, 1530:62nm for pattern V) over
40 min, as shown in Fig. 8. Obviously, the peak power
fluctuations are less than 1:2dB.
5. Conclusion
We have proposed an asymmetric two-stage PMF
Sagnac loop filter, whose characteristics were anal-
yzed theoretically with the Jones matrix and experi-
mentally confirmed. Then, a graphene-polymer
nanocomposite device with highly nonlinear effect
was prepared for mitigating the mode competition
of EDFL. Utilizing these two devices, we have de-
monstrated a multiple-channel EDF ring laser,
which can be switched to generate multiple single-
or dual-, and triple-wavelengths lasing. For triple-
wavelengths lasing, the wavelength spacing between
adjacent two oscillations could be tuned swim-
mingly. By adjusting the PCs’ state, 4-, 8- and 12-
wavelength simultaneous oscillations were observed
in multiple single-, double-, and triple-wavelengths
lasing, respectively. The peak power fluctuations
were less than 1:2dB. Moreover, all the output spec-
tra had good flatness, high ERs, and narrow line-
widths. The multiple single-wavelength lasing has
a wavelength spacing of 1:09nm, a measured line-
width of 0:016nm, and an ER of 52dB; the multiple
dual-wavelength lasing has a wavelength spacing
of 0:48nm with ERs more than 49dB, and a line-
width narrower than 0:01nm. For multiple triple-
wavelengths lasing, the ERs are greater than 40dB
while the measured linewidths are narrower than
0:01nm, too. In a word, compared with other ordin-
ary multiwavelength fiber lasers, the laser described
in this paper not only can generate a more flexible
switchable and spacing-tunable multiple-channel
output, but also can provide the fiber laser with more
compact structure, lower cost, and higher perfor-
mance resulting from the use of graphene-polymer
nanocomposite and the PMF SLF.
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